Actinobacillus achnomycetemcomitans is a facultative gram-negative microorganism which has been implicated as an etiologic agent in localized juvenile periodontitis and in subacute bacterial endocarditis and abscesses. Although resistant to serum bactericidal action and to oxidant injury mediated by superoxide anion (O2-) and hydrogen peroxide (H202), this organism is sensitive to killing by the myeloperoxidase-hydrogen peroxide-chloride system (K. T. Miyasaki, M. E. Wilson, and R. J. Genco, Infect. Immun. 53:161-165, 1986). In this study, we examined the sensitivity of A. actinomycetemcomitans to killing by intact neutrophils under aerobic conditions, under anaerobic conditions, and under aerobic conditions in the presence of the heme-protein inhibitor sodium cyanide. Intact neutrophils killed opsonized A. actinomycetemcomitans under aerobic and anaerobic conditions, and the kinetics of these reactions indicated that both oxidative and nonoxidative mechanisms were operative. Oxidative mechanisms contributed significantly, and most of the killing attributable to oxidative mechanisms was inhibited by sodium cyanide, which suggested that the myeloperoxidase-hydrogen peroxide-chloride system participated in the oxidative process. We conclude that human neutrophils are capable of killing A. actinomycetemcomitans by both oxygen-dependent and oxygenindependent pathways, and that most oxygen-dependent killing requires myeloperoxidase activity.
Actinobacillus actinomycetemcomitans is a facultative, capnophilic, gram-negative coccobacillus which is found in high prevalence as a major component of the subgingival flora in lesions of patients with periodontitis (31, 32, 44, 46) . The organism possesses many virulence factors including a leukotoxin (3, 17, 38, 45) . Apart from its association with periodontal disease, A. actinomycetemcomitans can cause subacute bacterial endocarditis and can produce abscesses in numerous sites including the brain, lung, mandible, and lumbar region (8) . In the oral cavity, the increase in proportion of A. actinomycetemcomitans in dental plaque has been strongly associated with a rapidly advancing form of periodontitis known as localized juvenile periodontitis (31, 32) and with recurrent or refractory periodontal disease in adults (L. Bragd, M. Wikstrom, and J. Slots, Proc. Am. Assoc. Dent. Res., abstr. 538, 1985) . A. actinomycetemcomitans invades and survives in the gingival tissues of localized juvenile periodontitis lesions, and systemic antibiotics are often necessary to successfully arrest the disease and eliminate the organism from the lesions (27, 33 ; L. A. Christersson, U. M. E. Wikesjo, B. Albini, J. J. Zambon, and R. J. Genco, J. Periodontol., in press). The invasiveness, survival, and virulence of A. actinomycetemcomitans in host tissues may result from its resistance to the complementdependent bactericidal action of serum, the elaboration of leukotoxin, and the production of immune suppressor factors as well as histiolytic and proteolytic enzymes (11, 25, 30, 36, 38, 44) . The neutrophil appears to be pivotal in controlling the levels of oral A. actinomycetemcomitans, and preexisting intrinsic cellular defects in neutrophil functions such as chemotaxis and phagocytosis are predisposing factors associated with localized juvenile periodontitis (5, 6, 14, 39) .
Neutrophils possess two general types of killing mechanisms: oxidative and nonoxidative (34) . Nonoxidative killing * Corresponding author.
is mediated by various lysosomal enzymes, peptides, and proteins including lysozyme, bactericidal/permeabilityincreasing proteins, cationic proteins, defensins, and lactoferrin (2, 10, 21, 22, 42) . Oxidative killing is dependent upon the presence of dioxygen (02) and the formation of toxic oxygen metabolites such as H202, 02-, hydroxyl radical, and possibly singlet oxygen (1) . The phagocyte initiates the formation of oxygen metabolites via a cyanide-insensitive flavoprotein which functions as an NADPH oxidase that catalyzes the univalent reduction of dioxygen to 02 (1, 34) . Most of the 02 generated by the NADPH oxidase rapidly dismutates to H202 (9, 26) .
Myeloperoxidase (MPO; donor: hydrogen peroxide oxidoreductase, EC 1.11.1.7) is a heme-containing, cyanidesensitive enzyme found in the azurophilic granules of neutrophils (34) . MPO comprises part of the oxidative MPO-H202-Cl antimicrobial system of neutrophils and utilizes H202 and chloride to generate hypochlorous acid (13, 47) . Hypochlorous acid is a potent antimicrobial oxidant which interacts with amine and sulfhydryl groups and can cause decarboxylation, chlorination, and peptide bond scission (28, 29, 35) . The chlorinating activity attributable to neutrophil MPO, as well as MPO-dependent bactericidal activity, can be inhibited by cyanide (14, 43) . 653, which have been characterized elsewhere (3, 19, 20, (44) (45) (46) . Acatalatic variants, including strains 650 and 653, and the low catalase variant, strain 652, were kindly provided by Anne Tanner of the Forsyth Dental Center, Boston, Mass. Strain 67 exhibits higher catalase levels and lower resistance to the direct bactericidal action of reagent H202 than other strains of A. actinomycetemcomitans (19, 20) . Strains Y4 and 650 are leukotoxic, whereas strains ATCC 29523, 652, 653, and 67 exhibit very low levels of leukotoxic activity against either normal human neutrophils or the HL-60 promyelocytic cell line (3, 45) . Bacteria were grown at 37°C for 1 day under aerobic conditions in 5% CO2 on chocolate agar, which consisted of 5% hemolysed defibrinated horse blood (Crane Laboratories, Geneva, N.Y.), 5 ,ug of equine hemin III (Sigma Chemical Co., St. Louis, Mo.) per ml, 0.001% menadione (Sigma), 0.1% yeast extract (Difco Laboratories, Detroit, Mich.), and 1% IsoVitaleX (BBL Microbiology Systems, Cockeysville, Md.) in Trypticase soy agar (BBL).
Isolation of neutrophils. Peripheral venous blood was obtained from healthy adult donors who had given an informed written consent to release their blood for research purposes. Neutrophils were obtained by centrifugation of peripheral blood at 300 x g for 20 min, followed by sedimentation of the leukocyte-rich fraction under unit gravity in 2% gelatin in 0.9% NaCl at 37°C for 40 min. The upper layer was centrifuged, and the resulting pellet was subjected to hypotonic lysis with ice-cold distilled water to remove erythrocyte contaminants. Final purification of the neutrophils was achieved by layering the leukocyte suspension onto isotonic 55% Percoll (Pharmacia Fine Chemicals, Piscataway, N.J.), followed by centrifugation at 400 x g for 30 min at 22°C. The leukocytes were washed twice in saline.
Leukocyte preparations thus obtained were erythrocyte free and consisted of more than 97% neutrophils by microscopic inspection. Viability was greater than 98% as assessed by trypan blue dye exclusion. Anaerobic killing was examined in an anaerobic chamber (Forma Scientific). Both the bacterial suspension (0.3 ml) and 0.25 ml of the neutrophil suspension were placed in separate polypropylene plastic microtubes (10 by 43 mm) with polyethylene screw caps and equilibrated under an anaerobic atmosphere consisting of 5% C02, 10% H2, and 85% N2. Anaerobic equilibration consisted of intermittent, gentle vortexing of the uncapped tubes for 5 s at 30-min intervals over a 2-h period at 22°C, after which leukocyte viability was approximately 96%. Parallel equilibration was performed under aerobic conditions. Equilibration of neutrophils to a state of anaerobiosis was confirmed by monitoring the ability of the leukocytes to mount a detectable respiratory burst, as described below.
After aerobic or anaerobic equilibration, 0.125 ml of bacteria, 0.100 ml of pooled human serum, and either 0.025 ml Of 10-2 M sodium cyanide in PBS or 0.025 ml of PBS were added to 0.25 ml of the neutrophil suspension. The final estimated ratio of bacteria to neutrophils was 10:1. These mixtures were incubated in microtubes at 37°C with endover-end rotation at 4 rpm. At the time periods indicated, 0.05 ml of the suspension was removed and diluted in 4.95 ml of distilled water at 0°C to lyse the neutrophils and stop the killing reaction. Subsequent serial dilutions were performed in a diluent consisting of 0.5% tryptone, 0.5% bovine serum albumin, and 0.14 M NaCl, and 0.05 ml of each dilution was spread on chocolate agar plates. After incubating the plates for 48 h at 37°C under 5% C02, colonies were counted to provide a measure of bacterial killing.
To estimate phagocytosis, the suspension remaining in the microtubes was centrifuged for 5 min at 100 x g and 4°C to sediment leukocytes and leukocyte-associated bacteria (40) . The supernatants were diluted serially, and 0.05 ml of each dilution was spread on chocolate agar plates. Plates were incubated for 48 h at 37°C under 5% C02, after which colonies were counted to provide an approximation of nonphagocytosed bacteria. Although this does not distinguish between phagocytosis and adsorption of bacteria to the phagocyte membrane, studies using crystal violetquenched acridine fluorescence techniques to examine the phagocytosis of A. actinomycetemcomitans Y4 have shown that most cell-associated bacteria are phagocytosed and that 80% is inhibitable by disrupting microfilament organization.
Calculations: Phagocytosis and killing half-times (T112)
were calculated from the formula: to the CFU at time t (40) . Assuming that the rate of aerobic killing (VA + B) is equal to the rate of oxygen-dependent killing (VA) plus the rate of oxygen-independent killing (VB) and that VA and VB are independent, then:
Since V = dxldt, where x is equal to a certain number of organisms killed at time t, and because x is equal to one-half of the initial population at time T1/2, then:
T1/2(A+B) T1/2(A) T1,2(B) and the theoretical half-time for oxygen-dependent killing is calculated by the formula:
Identical calculations were used to determine the killing half-time of cyanide-sensitive mechanisms (T1/2(A)) from the observed half-times of aerobic (T1,2(A+B)) and cyanideinsensitive (T1,2(B)) mechanisms. Statistical significance was evaluated by Student's t test.
Assessment of respiratory burst. Respiratory burst activity of neutrophils incubated under anaerobic and aerobic conditions was determined by measuring the formation of superoxide radicals and hydrogen peroxide, using a modified version of the cytochrome c reduction assay of Weening et al. (41) and the phenol red oxidation assay of Pick and Keisara (24) . Briefly, to measure O2-production, 2 x 106 neutrophils (in 1.0 ml) were incubated at 37°C with end-over- 
RESULTS
Kinetics of killing. Neutrophils were capable of killing A. actinomycetemcomitans under both aerobic and anaerobic conditions (Fig. 1) . In contrast, 20% fresh human serum had virtually no effect on bacterial viability. Under conditions of anaerobiosis, a large proportion (88%) of the bacteria were killed within 30 min in the presence of normal human neutrophils (Fig. 1A) . Similarly, under aerobic conditions, 99% of the bacteria were killed within the first 30 min in the presence of neutrophils (Fig. 1B) . Killing of bacteria by neutrophils under aerobic conditions within the first 30 min was significantly diminished to 88% (P < 0.005) in the presence of 5 x 10-' M sodium cyanide. The killing rate decreased with time under both aerobic and anaerobic conditions; however, analysis of the initial kinetics revealed that killing was exponential for the first 20 to 30 min (Fig. 2) .
Killing half-times under aerobic conditions. Having established the exponential initial killing kinetics by neutrophils of opsonized A. actinomycetemcomitans, we then compared No statistically significant differences in the killing of the different strains of bacteria were evident, and killing rates varied from one neutrophil preparation to the next. Neutrophil viability as assessed by trypan blue dye exclusion remained above 90% throughout the course of the bactericidal assay. Anaerobic killing. We next examined the effect of anaerobiosis on the killing of A. actinomycetemcomitans by neutrophils. A state of anaerobiosis of the neutrophils was assessed by examining the ability of the cells to form either univalent (O2-) or divalent (H202) oxygen reduction products after phagocytic challenge. Anaerobically maintained neutrophils exhibited a 42-fold decrease in H202 production and a 100-fold decrease in ability to generate superoxide, as compared with neutrophils stimulated with zymosan under aerobic conditions (Table 2) . Preopsonized bacteria (A. actinomycetemcomitans strains 650 and Y4), when presented to neutrophils at a ratio of 100:1, were modest stimulators of cytochrome c reduction in comparison to zymosan under aerobic conditions. However, bacteria and zymosan stimulated comparable generation of H202 as assessed by phenol red oxidation. Under anaerobic conditions, neither opsonized bacteria nor opsonized zymosan was effective in stimulating the formation of H202 or 2-, which Table 3 ). The difference between aerobic and anaerobic killing was statistically significant (P < 0.005 for all comparisons). The same neutrophil preparations were used in both aerobic and anaerobic assays, and neutrophil viability remained above 90% after 30 min in the anaerobic bactericidal assay. From these results we calculated the T1/2 of killing under aerobic conditions by oxidative mechanisms (T112(A)), which was found to be between 8.3 and 18.9 min (Table 4) .
Influence of sodium cyanide on killing. To determine the role of heme-containing enzymes in the killing of A. actinomycetemcomitans by neutrophils, we examined the effect of a heme-enzyme inhibitor, sodium cyanide, on the killing and phagocytic rates under aerobic conditions. Sodium cyanide (5 x 10' M) increased the killing T1/2 approximately twofold (Table 5 ). Sodium cyanide also influenced the phagocytic T112 to a lesser, but statistically significant extent (Table 5 ). In the case of A. actinomycetemcomitans 650, neutrophils required 6.5 + 0.2 min to kill 50% of the bacteria in the absence of cyanide and 15.1 + 0.4 min in the presence of cyanide (P < 0.005). In contrast, neutrophils internalized 50% of the bacteria in 6.7 + 0.2 min in the absence of cyanide and 8.2 + 0.8 min in the presence of cyanide (P < 0.05). Cyanide had no effect on the killing of strain 650 under anaerobiosis (not shown) and did not alter neutrophil viability. The data obtained in these experiments permitted the calculation of the T1/2 of killing via cyanidesensitive mechanisms. The calculated T1,2(A) was 11.4, 17.1, and 17.3 min for A. actinomycetemcomitans strains 650, Y4, and 67, respectively (Table 6 ).
Relative contribution of oxygen-independent, oxygendependent, and heme-dependent mechanisms. We next estimated the contribution of each bactericidal mechanism in the killing of A. actinomycetemcomitans by human neutrophils (Table 7) . Since the rate of killing dictates the contribution of each mechanism in the killing process of the system, we based our calculations on the inverse rates, expressed as killing T1/2 values. We found that most killing (54 to 66%) of A. actinomycetemcomitans was oxygen dependent and that most aerobic killing (39 to 65%) was heme-enzyme dependent. In fact, all oxygen-dependent killing for strain 650 and Y4, and almost two-thirds of the oxygen-dependent killing of strain 67, appeared to be a result of heme-enzyme activity (presumably MPO) . The data also revealed that oxygenindependent mechanisms assume a significant role (34 to 46%) in the killing process.
VOL. 53, 1986 on November 6, 2017 by guest http://iai.asm.org/ DISCUSSION Recent studies have shown that the neutrophil is vital in the protection of the periodontium from rapidly progressive forms of periodontitis (37) . The precise mechanisms whereby the neutrophil affords such protection have not been elucidated. Clinical studies on patients with neutrophil dysfunction offer some insight but are not conclusive. In chronic granulomatous disease, patient leukocytes are incapable of generating reduced oxygen metabolites such as 02-and H202 (9) and thus are usually incapable of killing microorganisms by oxygen-dependent pathways. Patients with chronic granulomatous disease do not exhibit rapidly progressive forms of periodontitis, but these patients are usually receiving antibiotics as a prophylactic measure against severe systemic infection (4, 7). As such, it is difficult to distinguish between the effects of antibiotics and nonoxidative neutrophil bactericidal mechanisms in the protection of the periodontal tissues.
In this study, we examined the killing of A. actinomycetemcomitans by human neutrophils in vitro and attempted to elucidate which mechanisms were involved by analyzing the kinetics of the killing reactions. To define the contribution of oxygen-independent, oxygen-dependent, and MPO-dependent mechanisms, we examined the rates at which neutrophils killed under aerobic conditions, anaerobic conditions, and aerobic conditions in the presence of cyanide.
Anaerobiosis was monitored functionally by measuring the respiratory burst activity of neutrophils. In our study, the respiratory burst activity of neutrophils equilibrated for 2 h under anaerobic conditions was depressed 100-fold in univalent and 42-fold in divalent oxygen reduction. This is comparable to the depression of respiratory burst activity achieved by Okamura and Spitznagel (23) , who reported that neutrophils equilibrated in an anaerobic chamber for 5 h exhibited a reversible, 50-fold decrease in capacity to reduce cytochrome c. Preopsonized bacteria did not contribute dioxygen, H202, or 02 to the system. The ratio of bacteria to neutrophils was 100:1, a ratio 10 times higher than that used in the phagocyte killing assays. The higher ratio was aCalculated from results presented in Table 5 .
used because it was more effective in providing measurable cytochrome c reduction under aerobic conditions and it also increased the probability of observing the potential contribution of dioxygen or oxygen metabolites to the system by viable bacteria. Anaerobiosis or the presence of cyanide under aerobic conditions dramatically lowered the rate of killing of A. actinomycetemcomitans by neutrophils. Due to the exponential nature of the kinetics, the magnitude of these effects could not be assessed by determining the percentage of bacteria killed at an arbitrary time point. For example, anaerobic conditions diminished the rate of killing of A. actinomycetemcomitans 650 compared to the rate of killing under aerobic conditions. Yet, at 30 min, 88% of the bacteria were killed by neutrophils under anaerobiosis, whereas 99% were killed under aerobiosis. Such results indicate that oxygen-dependent mechanisms enhance, but are not absolutely required for, the killing of A. actinomycetemcomitans by neutrophils under normoxic conditions.
When we examined the level of participation of oxygendependent, oxygen-independent, and cyanide-sensitive mechanisms, we found that oxygen-dependent mechanisms were responsible for more than half (54 to 66%) of the killing. Also, more than half (57 to 65%) of the killing of strains 650 and Y4 under aerobic conditions was inhibited by cyanide, which strongly suggested that the oxidative killing of these two strains proceeded by an MPO-dependent pathway. Strain 67 was exceptional in that some of the oxidative killing (27%) was apparently insensitive to cyanide. This finding may correlate with the relative sensitivity of this strain to the bactericidal effects of H202 despite its high catalatic capacity (19, 20) .
Neutrophils are relatively efficient at killing certain bacterial species including Salmonella typhimurium, Staphylococcus epidermidis, enterococci, viridans streptococci, Pseudomonas aeruginosa, Peptostreptococcus anaerobius, and Klebsiella pneumoniae in the absence of dioxygen (16, 23) . In contrast, neutrophils kill other organisms such as (16, 37) . These latter organisms have been associated with infections in patients with chronic granulomatous disease or with anoxic localized inflammatory lesions (16, 37) . We found that neutrophils were capable of killing A. actinomycetemcomitans under both aerobic and anaerobic conditions, suggesting that neutrophils can kill A. actinomycetemcomitans in the hypoxic gingival crevice (15) as well as in areas of tissue invasion and inflammation. These findings also support the hypothesis that nonoxidative killing mechanisms are sufficient to protect the periodontium from infection of A. actinomycetemcomitans.
Finally, leukotoxic strains of A. actinomycetemcomitans were killed as rapidly as nonleukotoxic strains. Although our study was not designed to directly address this topic, we do not believe that this is a paradox. First, the leukotoxin assay uses bacteria-to-neutrophil ratios of 25:1 to 100:1 (3). We also observed increased trypan blue uptake by neutrophils at bacteria-to-neutrophil ratios of 100:1 when we measured the formation of reduced oxygen metabolites; however, our bactericidal assay utilized ratios below 10:1. Second, the leukotoxic strains Y4 and 650 induce a 27 to 55% release of lactic dehydrogenase from neutrophils over a 1-h period (3, 45) . This represents approximately one-sixth to one-third log order of destruction to the neutrophil, although it is not a direct assessment of neutrophil death or loss of killing capacity. These values are small in comparison to the 2 to 3 log orders of bacterial death observed over the same time frame. Third, the activity of leukotoxin can be modulated by immune serum (17) . Although we used a pooled normal human serum source, antibodies to constituents of the outer membrane of A. actinomycetemcomitans were detected in this pool by using Western blot methodologies (unpublished data). We conclude that the neutrophil possesses a much deadlier arsenal of weapons than A. actinomycetemcomitans, and in fact, at low ratios of bacteria to neutrophils, the neutrophil is likely to survive and kill the coccobacillus.
In summary, we have examined how neutrophils kill A. actinomycetemcomitans, since existing evidence suggested that neutrophils were vital in combating this organism (5, 6, 14, 36, 38, 39) . We found that both oxygen-independent and oxygen-dependent mechanisms are involved and that, to a large extent, oxygen-dependent killing is cyanide sensitive, implicating an MPO-dependent mechanism (12, 13, 43) . The precise mechanism(s) of oxygen-independent killing as well as indirect and cooperative mechanisms remain to be defined. We conclude that the MPO-H202-Cl-system constitutes an important oxidative mechanism in neutrophilmediated injury to A. actinomycetemcomitans. Consistent with this conclusion, the results presented in the accompanying paper (18) indicate that A. actinomycetemcomitans is exquisitely sensitive to killing by the MPO-H202-Cl-system in vitro.
